Light-harvesting complex I (LHCI), which serves as a peripheral antenna for photosystem I (PSI) in green plants, consists mainly of four polypeptides, Lhca1-4. We report room temperature emission properties of individual reconstituted monomeric Lhca proteins (Lhca1, -2, -3, and -4) and dimeric Lhca1/4, performed by steady-state and time-resolved fluorescence techniques. The emission quantum yields of the samples are approximately 0.12, 0.085, 0.081, 0.041, and 0.063 for Lhca1, -2, -3, -4, and the -1/4 dimer, respectively, which is considerably lower than the value of 0.22 found for light-harvesting complex II (LHCII), the main peripheral antenna complex of photosystem II in green plants. The decay components of LHCI proteins can be divided in two categories: Lhca1 and Lhca3 have decay times of 1.1-1.6 ns and 3.3-3.6 ns, and Lhca2 and Lhca4 have decay times of 0.7-0.9 ns and 3.1-3.2 ns. These categories seem to correlate with the pigment composition of the samples. All decay times are faster than that observed previously for LHCII. When the absolute emission yields and the lifetimes of the Lhca samples are combined, the overall emission properties of the individual Lhca proteins are expressed in terms of their emitting dipole moment strength. In the samples without extreme red states, that is, Lhca1 and Lhca2, the emitting dipole moment has a value close to unity (relative to monomeric chlorophyll in acetone), which is similar to that for LHCII, whereas, in the samples with the red-most state (F-730), that is, Lhca3, -4, and the -1/4 dimer, the emitting dipole moment has a value less than unity (0.6-0.8), which can be explained by mixing the red-most (exciton) state with a dark charge-transfer state, as suggested in previous PSI red pigment studies. In addition, we find a lifetime component of ∼50-150 ps in all red-pigment-containing samples, which cannot be due to "slow" energy transfer, but is instead assigned to an unrelaxed state of the pigment-protein, which, on this time-scale, is converted into the final emitting state.
Introduction
Light-harvesting complex I (LHCI) is the peripheral antenna of photosystem I (PSI) in green plants and algae, and it collects and transfers excitation energy to the reaction center of PSI, where it is trapped in the form of a stable charge separation. In green plants, LHCI consists mainly of four polypeptides, Lhca1-4. 1 Furthermore, Lhca5 may be present, which contributes a minor increase in the antenna size. 2, 3 LHCI is attached in dimeric form at one side of the PSI core antenna. 4, 5 The Lhca polypeptides belong to the so-called Lhc-supergene family, and they all bind chlorophyll a and b (Chl a and Chl b) molecules and carotenoids. 2, 6 All Lhca proteins show a high sequence homology with the Lhcb proteins, which are the peripheral antenna proteins of photosystem II (PSII). The pigment binding sites are considered to be similar for all Lhc proteins. The structure of the main peripheral light-harvesting complex of PSII, LHCII, is known with 2.72 Å resolution, 7 and its spectroscopic properties and excitation dynamics are characterized in detail. [8] [9] [10] Despite the similar pigment arrangement, some of the spectroscopic properties among Lhca proteins and between Lhca and Lhcb proteins are significantly different. The most obvious differences between the Lhca and Lhcb proteins appear in the low-temperature emission spectra, where Lhca proteins show a considerably red-shifted emission compared with that of the Lhcb proteins. The red-most emission of Lhca3 and Lhca4 is located at ∼730 nm at cryogenic temperatures, 11 whereas in all Lhcb proteins it is ∼680 nm. Thus, the lowest singlet excited state of the Chl's in these Lhca proteins resides at much lower energy than does that of Lhcb proteins. The red-most states in the PSI antenna are even lower than the main absorption of the reaction center of PSI (700 nm). It has been shown that these red states prolong the overall trapping time of native PSI-LHCI particles in green plants 12, 13 and in PSI core particles from cyanobacteria. 14, 15 Because isolated LHCI preparations from green plants usually consist of two or three types of dimeric Lhca complexes, the spectroscopic studies on isolated LHCI have revealed information averaged over the Lhca proteins. [16] [17] [18] [19] [20] [21] Separating the Lhca proteins in their native form has turned out be very cumbersome because all Lhca proteins have similar biochemical properties. Researching individual Lhca proteins became possible once they could be reconstituted in vitro, and mutants of Lhca became available. 11, [22] [23] [24] [25] Since then, our knowledge of the pigment composition, protein-protein interactions, and (steady-state) spectroscopic properties of individual Lhca proteins has increased considerably. 11, [23] [24] [25] [26] [27] Until now, only a few studies on individual Lhca proteins have appeared that describe the excitation transfer kinetics among the Chl molecules and the excitation decay processes. [28] [29] [30] Now that the reconstitution (and mutation) procedure of the individual Lhca proteins has been established, it is clear that more information on the excitation (decay) dynamics among the pigments in Lhca proteins will become available. 31 The observations made with such "small" particles can then be linked to the overall excitation dynamics taking place in the green plant PSI-LHCI complexes, which will lead to a more complete picture of the excitation pathways from the peripheral antenna via the core antenna to the reaction center in green plant PSI. Because the PSI-LHCI particle is a large pigment-protein complex with ∼170 chlorophylls and more than 30 carotenoids, 5, 32 detailed information on the excitation energy pathways is difficult to obtain by studying PSI-LHCI particles only.
In this paper, we study the room-temperature fluorescence decay properties of four monomeric Lhca proteins (Lhca1-4) and a dimeric Lhca1/4 protein, by using a Streak camera setup with about 5 ps time resolution. We show that the excitation decay takes place biphasically in all Lhca proteins and that the decay times depend both on the pigment composition and on the red pigment content of the proteins. We also show that in the samples containing red pigments, that is, in the monomeric Lhca2-4 and dimeric Lhca1/4 complexes, the formation of the final excited state occurs on the order of hundreds of picoseconds, which cannot be due to a typical energy transfer process, but most likely reflects a small structural rearrangement in the protein following the excitation.
Materials and Methods
The samples were prepared as described by Morosinotto et al. in 2003 11 and diluted with a buffer containing 10 mM Hepes (pH 7.6) and 0.03% -DM. For the steady-state measurements the samples were placed in a 1 × 0.4 cm cuvette, and, for the time-resolved measurements, all of the samples were placed in a 0.5 × 0.5 cm cuvette, which was shaken during the measurement.
The steady-state absorption spectra and fluorescence emission spectra were detected with commercial spectrophotometers (Perkin-Elmer, Lamda 40 and Jobin Yvon, Fluorolog, respectively). After the emission spectra were normalized to the same excitation power, the emission yields of the samples were determined by integrating the emission spectrum of the sample and using the emission of Chl a in acetone with a yield of 0.3 as a reference. 33 The time-resolved measurements were performed with a Streak camera setup. In short, excitation pulses of 486 nm (∼100 fs) with vertical polarization were generated using a titanium: sapphire laser (Coherent, VITESSE) with a regenerative amplifier (Coherent, REGA), a double pass optical parametric amplifier (Coherent, OPA), and a Berek compensator. The repetition rate was 50 kHz with a pulse energy of 4 nJ in the sample, which resulted in less than 20% excited proteins per pulse. The fluorescence was detected at a right angle with respect to the excitation beam through a polarizer at a magic angle using a Chromex 250IS spectrograph and a Hamamatsu C5680 synchroscan streak camera. The streak images were recorded with a cooled Hamamatsu C4880 CCD camera. The exposure times per image were 5-10 min and 2-6 min for the 500 ps and 2 ns time bases, respectively. The detected streak images, which showed a whole time-resolved fluorescence spectrum of the Chl a and Chl b molecules of the samples, were analyzed globally from 635 to 810 nm with 8 nm resolution, and the decay-associated spectra (DAS) were estimated. 34, 35 The instrument response function was modeled as a Gaussian with FWHMs of about 5 and 15 ps for the 500 ps and 2 ns time bases, respectively. In addition, the data was modeled by using a so-called target analysis method. 34, 35 Results Steady-State Absorption and Emission. Biochemical and steady-state spectroscopic analyses of the reconstituted Lhca1-4 samples used in this study have been reported in detail. 6, 11, 24, 25, 27 The pigment composition of each of the particles is shown in Table 1 . 6, 11 Room-temperature steady-state absorption and emission spectra of the samples are presented in Figure 1 .
In absorption ( Figures 1A and 1C) , the Q y -transitions of the "bulk" Chl a molecules have their maxima at 680, 679, 679, 675, and 677 nm for Lhca1, -2, -3, -4, and the -1/4 dimer, respectively. A red tail (around 690-715 nm) in the absorption can be observed for the Lhca2, -3, -4, and -1/4 samples. The blue-most red pigment absorption is observed for the Lhca2 samples, which is in line with the low-temperature experiments, in which Lhca2 has the blue-most absorption and emission out of the Lhca2, -3, -4, and -1/4 samples. 24, 27 Because the red tail is structureless at room temperature, the position of the redmost band is estimated, to a certain extent, only from the 4 K absorption spectra. For Lhca1, the red pigment absorption of the samples is only seen as a very weak tail of the main absorption band. Figure 1B shows the steady-state emission spectra of the samples together with the emission spectrum of Chl a in acetone. The spectra are normalized to the excitation density (i.e., the number of absorbed photons), except for the free Chl a spectrum, which is normalized to half the excitation density and scaled down in such a way that the maximum of the free Chl a emission has a value of 0.15, which is approximately half of its real quantum yield, 0.3. 33 At room temperature, the strongest emission originates from emission of the bulk Chl a molecules, and the maxima of the samples are located at about 683, 683, 681, 678, and 681 nm for Lhca1, -2, -3, -4, and the -1/4 dimer, respectively ( Figure 1D ). These emission maxima follow the same order as that observed for the absorption maxima of the samples ( Figure 1A , see above). Depending on the red pigment energy and content of the samples, a red emission band can be observed. As in the case of the absorption, a clear maximum of the red band cannot be determined. At low temperatures, the red-most emission is observed at about 701-702 nm for Lhca1 (a shoulder) and Lhca2 and at 725, 732, and 732 nm for Lhca3, -4, and the -1/4 dimer, respectively. 11, 24, 27 When compared with the emission yield of 0.3 for Chl a in acetone, the roomtemperature emission yields of the samples are about 0.12, 0.085, 0.081, 0.041, and 0.063 for Lhca1, -2, -3, -4, and the -1/4 dimer, respectively, (see Materials and Methods and also Table 4 ). The emission yield of the Lhca monomers inversely follows the red pigment content; that is, the highest yield is observed for Lhca1 and the lowest for Lhca4 (Table 4 and see also Discussion). The Lhca1/4 dimer has a slightly higher yield than does the Lhca4. Another clear observation is that, on average, the quantum yield of LHCI proteins is almost four times lower than that of free Chl a and is also considerably lower than the value of 0.22 found for LHCII. 36 This is in line with the fact that LHCII has a major emission lifetime of about 4 ns at room temperature, 36 whereas in the Lhca proteins, the fluorescence decay is faster (see below).
Time-Resolved Fluorescence.
We studied the time-resolved emission properties of the samples by using streak camera detection after short laser pulse excitation with a wavelength of 486 nm, which mainly excites carotenoids and Chl b molecules with a ratio of about 60/40, 31 respectively. Figure 2 shows few fluorescence decay traces at the main emission band and at the red emission band of monomeric (Lhca1-4) particles and the dimeric Lhca1/4 particles taken from the detected streak images. From the traces it can be seen that the overall decay times qualitatively follow the emission yields observed from the steady-state experiment; that is, the Lhca1 has a longest decay time and the Lhca4 has the shortest. From the traces it is also clear that, at early times of the emission, excitation energy transfer takes place, and, subsequently, the fluorescence decays multiexponentially. To solve the excitation kinetics taking place in the ps and ns range in detail, a global analysis of the data was performed. The results, that is, the DAS of monomeric (Lhca1-4) particles and the dimeric Lhca1/4 particles, are shown in Figure 3 . The first, less than 1 ps component (thin solid line in Figure 3 ) shows positive features (i.e., decay of excitation) at Chl b emission wavelengths and overall negative features (i.e., rise of excitation) in the Q y -region of Chl a molecules. This component describes the excitation energy transfer from carotenoids and Chl b molecules to Chl a molecules, which mainly takes place on a subpicosecond time- . The absorption spectra are normalized to their Qy-absorption maximum around 680 nm, and the emission spectra are normalized according to their excitation power; that is, the yields are comparable with each other. For clarity, the Chl a emission spectrum is multiplied by a factor of 0.5. a Obtained from global analysis (see the spectral forms of the components from Figure 3 ). b The average lifetime (τave) is calculated according to (ΣAn × τn). Figure 4 . scale. 20, 30, 31 Because this time-scale is below the time resolution of our experiment (by about 5 ps), the time constant needs to be taken with caution. In the samples in which red pigments exist, that is, Lhca2-4 and the -1/4 dimer, the excitation equilibration component between bulk and red pigments, with a rather conservative spectral shape, has a lifetime of about 5-6 ps in all samples. As mentioned above, the excitation energy of the red-most state varies between the samples, but this is not reflected in this bulk-to-red equilibration time.
All samples required more than one decay lifetime to explain their time-resolved fluorescence emission. More than 80% of the excitations decayed in the nanosecond regime in all samples, and in the case of samples with red pigments, that is, Lhca2-4 and the -1/4 dimer, 20% of the excitations decayed in a 100 ps regime (Figure 3, see text below) . The nanosecond-decay components can be divided into two categories: Lhca1 ( Figure  3A ) and Lhca3 ( Figure 3C) , with decay times of 1.3-1.6 ns and 3.4-3.6 ns, and Lhca2 ( Figure 3B ) and Lhca4 ( Figure 3D) , with decay times of 0.7-0.8 ns and 2.9-3.2 ns. These categories seem to correlate with the pigment composition of the samples (Table 1) : the faster decay times were observed in samples with higher Chl b and lower carotenoid content. The decay lifetimes and their integrated amplitudes are listed in Table 2 , which can be used to calculate the average decay times for each sample. By comparing the values from Table 2 and the steady-state emission spectra in Figure 1 , the averaged emission lifetimes correlate reasonably with the quantum yields of the samples, and it is clear that in Lhca3 and Lhca4, which bind the redmost pigments, the 1 ns decay component is more dominating compared to the 3 ns decay component. On the other hand, for Lhca1 and Lhca2, the 3 ns component contributes to either slightly more (Lhca1) or less (Lhca2) than 50% of the overall excitation decay ( Figure 3 and Table 2 ). The main decay rates of Lhca1 are rather similar to those reported by Melkozernov et al. 28 For Lhca4, the longer decay lifetime of our study (3.2 ns) is almost two times longer than the value reported by Melkozernov et al., 28 whereas, in our case, the long lifetime of the Lhca1/4 dimer (2.8 ns) is about 40% longer. On the other hand, the relative contributions of the decay lifetimes to the total emission differ quite drastically between this study and the study performed by Melkozernov et al. 28 In the latter, the major decay component is the 1 ns decay, which also is the major contributor to the steady-state emission, whereas, in our study, the 3 ns component is the most dominant phase for the steady-state emission (with a relative contribution of about 0.6-0.8 in all samples, τ 3 A 3 /τ ave , taken from Table 2 ). The reason for these discrepancies may be due to the different sample preparation or to the different reconstitution methods of the complexes, which results in slightly different pigment/protein ratios. 11, 22 The Lhca1/4 dimer has main decay components that are similar to those of the Lhca2 and Lhca4 monomers, and the overall kinetics of the Lhca1/4 dimer resembles that of native LHCI samples, 20, 28 which suggests that Lhca2/3 should have excitation dynamics similar to those of Lhca1/4. This statement, however, needs to be confirmed once the isolated Lhca2/3 dimer becomes available.
In addition to the nanosecond decay processes, in Lhca2, -3, -4 and the -1/4 dimer (i.e. samples with red pigments), after equilibration between bulk and red pigments, we observed a decay process with a lifetime of about 50-200 ps with positive features between 670 and 690 nm and without a pronounced negative feature in the red pigment region (dotted lines in Figure  3 ). This means that an apparent loss of excitation takes place in the bulk pigments, and no gain of excitation on the red pigments can be observed, implying that this is not a "traditional" energy-transfer component. On the other hand, the 50-200 ps spectrum deviates from a typical emission spectrum of Chl a molecules in the sense that it has less contribution from the vibronic wing, especially in the cases of Lhca3 and the Lhca1/4 dimer. In the following section, we describe this component as an intermediate phase preceding the final decay state by using a branched target analysis for the observed data.
Target Analysis. So far, we have treated the time-resolved fluorescence data basically without a priori information, and we have fitted the data globally with as many decay components as required for sufficient description of the data. We constructed a model that gives the physical spectra and decay and rise times of each compartment and describes the connectivity between the compartments. Thus, the model quantitatiVely determines the proportions of each decay and energy-transfer channel of the system observed by time-resolved fluorescence. Such an approach is called a target analysis. A comprehensive description of target analyses of time-resolved spectroscopic data can be found elsewhere. 34, 35 In this case, the number of components observed in the global analysis dictates the number of compartments in the target analysis. The connectivity between the compartments (i.e., the arrows between the compartments) is assumed to be as simple as possible to describe the data, but, at the same time, the shape of the emission spectra of the compartments needs to be physically acceptable, that is, either typical Chl a emission spectra or red chlorophyll-type of spectra, in which the vibronic part of the Chl a emission is replaced by a broad, structureless emission from the red pigments. The modeled branching proportions (i.e., the weight of excitation for each compartment) were accepted when the areas of the emission spectra of the compartments were the same (within an error of 5%).
The model used for all of the samples is shown in Figure 4 . To describe the time evolution of the spectra, two separate decay pathways following the population of Soret states and unrelaxed bulk states are needed, one of which is the so-called "Intermediate" f "Decay 2" route, and the other is the "Decay 1" channel ( Figure 4 ). In fact, in the target analysis, it is indistinguishable whether the Intermediate compartment leads to a longer or shorter decay because both models give the same residuals with corresponding spectra; however, we tentatively assign the Intermediate state to the longer decay time for all samples. It is clear, however, that the Intermediate compartment cannot be a pure decay channel because, in that case, the target analysis results in a nonphysical emission spectrum, which lacks the vibronic part or red-emitting part (data not shown). The observed values, in terms of the branching proportions and the lifetimes of the compartments, are given in Table 3 , and the spectra of the compartments are shown in Figure 5 . We note that, for the sake of clarity, we used the same model for all of the samples, although, for Lhca1, the scheme could have been much simpler, and the states "Unrelaxed chlorophylls" and "Intermediate" are basically virtual.
In the target analysis, the first spectrum (thin solid line in Figure 5 ), which originates from Chl b molecules, was set to zero at all wavelengths longer than 665 nm, and its amplitude as well as its lifetime are imprecise because of the time resolution of our experiment. The second spectrum (dot-dashed line in Figure 5 ), which we call "Unrelaxed chlorophylls", basically shows a bulk Chl a emission spectrum of the samples. The expression "unrelaxed" is chosen because, in samples with red pigments (Lhca2, -3, -4 and the -1/4 dimer), the blue side of the spectrum is considerably more blue-shifted than the spectrum calculated using the Stepanov relation between the absorption and emission spectra (not shown). This means that this compartment describes Lhca proteins in a nonequilibrated excited state. The equilibration time (i.e., the sum of forward and backward reaction times) between the bulk and the red pigments of the Lhca proteins is about 4-6 ps (Table 3B) . Similarly, with the observation from global analysis, the lifetime of this compartment is insensitive to the energy of the red chlorophylls or to the overall amount of pigments. Then the two separate excitation decay pathways follow, one of which is the so-called Intermediate f Decay 2 route, and the other is the Decay 1 channel (Figure 4) . The lifetimes of the Decay compartments follow the same categories observed in the global analysis. In the samples of Lhca3, -4, and -1/4, the emission spectra of the Intermediate compartment (dotted line in Figure  5 .) show considerably stronger amplitude around 685 nm compared to the spectra of the Decay 2 compartment (solid line in Figure 5 ). This indicates a loss of emission from the bulk pigments, as was concluded earlier from the global analysis. The spectra of the Decay 1 compartment (dashed line in Figure  5 ) show a rather strong contribution from the red pigments. The trend in the red contribution in the spectra obtained from the target analysis for each sample ( Figure 5 ) follows the observations from the steady-state spectra at room temperature ( Figure  1 ) and at low temperatures (see above); that is, Lhca4 shows the red-most spectra, and Lhca1 shows the least-red spectra.
From Table 3A it can be seen that when the F702 is the redmost state (Lhca1 and Lhca2), a higher proportion (about 55%) follows a route toward the longer lifetime (Intermediate f Decay 2), whereas in the case of Lhca3 and Lhca4, a higher proportion decays via Decay 1. In the case of the Lhca1/4 dimer, the situation resembles that of Lhca1 and Lhca2. By multiplying the decay rates of the particular compartment (1/τ c from Table  3B ) with the branching proportions (Table 3A) , the rise times of the Intermediate and Decay 1 compartments can be determined to be between 9 and 14 ps. Similarly, the rise-time of the Decay 2 compartment from the Intermediate is found to range between 110 and 160 ps in the monomers and is about 50 ps in the Lhca1/4 dimer. The 20-30% loss of excitation of the intermediate state in the samples of Lhca2, -3, -4, and -1/4 gives then a time constant for the deactivation process of 280-550 ps for the monomers and of about 170 ps for the Lhca1/4 dimer.
Discussion
In this study, we investigated the fate of excitation energy in the monomeric Lhca proteins (Lhca1, -2, -3, and -4) and in the dimeric Lhca1/4 protein after excitation at 486 nm (which mainly excites carotenoid and Chl b molecules). By comparing the main decay lifetimes ( Figure 3 and Table 2 ) and the pigment composition of the monomers (Table 1) , we observed two decay patterns that reflect the pigment composition of the samples. The Lhca1 and Lhca3 samples, which have a lower Chl b content and bind an "extra" carotenoid, which in most cases is either -carotene or neoxanthin (Table 1) , both have main decay times of more than 1 ns. In contrast, the Lhca2 and Lhca4 samples exhibit the "faster" decay (Decay 1 in the target analysis) of less than 1 ns, and the final decay is ∼3 ns. These samples have a higher Chl b and lower carotenoid content.
It is well known, that in a protein environment the excitedstate lifetimes of chlorophylls can be shorter than that of those in solution (∼6 ns, Table 4 ). Electron transfer (or trapping) processes may shorten the excited-state lifetimes of these pigments by orders of magnitudes. However, in antenna proteins, electron-transfer processes do not take place, and therefore, pigment-pitment coupling (both chlorophyll-chlorophyll and carotenoid-chlorophyll coupling) and pigment-protein coupling are the main factors leading to the shortening of the excited-state lifetimes. In the case of chlorophyll-chlorophyll coupling, or exciton coupling, the higher delocalization length of a state either lengthens or shortens the fluorescence lifetime, depending on the orientation of the pigments. 37 Because of the very short lifetime of the excited states of carotenoids, even a small carotenoid-chlorophyll coupling (on the order of a few wavenumbers) may drastically shorten the excited-state lifetime of chlorophylls. 8, 38 The coupling of the excited state with a charge-transfer state (which can be categorized as pigment- Table 3. pigment coupling) can also affect the lifetime, but in both directions, depending on the lifetime of the charge-transfer state (T. Renger, personal communication). However, in most practical cases, the lifetime is drastically shortened. Recently, in thylakoid membranes under conditions of maximum, steadystate feedback deexcitation, upon Chl a excitation, a 11 ps rise component was observed at 1000 nm, in the region where one might expect to see a formation of a carotenoid radical. 39 The authors suggested that the rise is due to the formation of a charge-transfer state of a zeaxanthin-chlorophyll pair, which is then responsible for excess energy dissipation in thylakoid membranes in green plants. In principle, the protein environment will also affect the excited-state lifetime of chlorophylls; in most cases, it will shorten the lifetimes. One, rather extreme example was observed in a study of the Cytb 6 f complex, which binds one isolated chlorophyll molecule, in which the pigment-protein coupling reduced the excited-state lifetime of the chlorophyll to 215 ps, 40 probably because of electron transfer to a nearby aromatic amino acid. 41 Most likely, all of the above-mentioned effects influence the lifetimes of the studied Lhca proteins. The red pigments of LHCI have been shown to carry a large Huang-Rhys factor (on the order of 3), which leads to strong (in)homogeneous broadening and large Stokes' shift. 18, 19 These observations can be rationalized by a mixture of the red-most (exciton) state with a chargetransfer state because a polar state couples strongly to the vibrations of the environment. 42 On top of that, various carotenoid-chlorophyll interactions between red pigments and carotenoids were observed in a magnetic resonance study with Lhca proteins. 43 However, assignment of the precise contribution of each of these effects requires further investigation with a set of samples in which the pigment composition or the amino acid environment of the emitting pigments has been slightly modified. In fact, even the multiphase decay of the samples is puzzling. It is possible that, because of some (small) differences in the proteins in the ensemble, the decay pathway can be either intermediate-to-decay or "pure" decay, and then, with a certain contribution, the above-mentioned factors affect the fluorescence lifetimes of the samples. Now that we have expressed the total emission yields and lifetimes of the Lhca samples, we are able to express the overall emission properties of the individual Lhca proteins in terms of emitting dipole moment. Table 4 summarizes all of the observed values and shows the connection between the emission yields calculated from the steady-state emission spectra (Figure 1 ) and the average fluorescence lifetimes, which were estimated from the globally analyzed time-resolved fluorescence spectra (Table  2) as the value of the emitting dipole moment and normalized to the Chl a dipole moment. Table 4 shows that Lhca1 and Lhca2, which do not bind extreme red absorbing pigments, also Table 3B ).
probably because of the His-ligand they contain instead of the Asn-ligand that Lhca3 and Lhca4 possess in the A5-B5 pigment pair (see more details in refs 11 and 27), have an emitting dipole moment similar to that of LHCII, which also has a His in the A5 binding site, and close to that of a monomeric Chl a molecule. In cases where most of the emission originates from the red pigments, that is, in the samples of Lhca3, -4, and the -1/4 dimer, the emitting dipole moments are less than 1, with the lowest value for Lhca4. This suggests that, at room temperature, the red-most state is at least not a super-radiative state. It is also noteworthy that a Gaussian decomposition analysis for the room-temperature absorption spectra of the Lhca samples shows that the red pigments carry the oscillator strength of less than one Chl a molecule. 11 Even though unequal distribution of the oscillator strength between two (or more) excitonic bands might be expected, the results presented in this study, together with the absorption band-analysis, support the idea that the red (exciton) states are coupled with (dark) chargetransfer state(s), which is a clear outcome of the Stark and pressure-dependent spectroscopic experiments with various PSI particles. 19, 42, [44] [45] [46] Furthermore, the hypothetical coupling of the red pigments to the carotenoids and their possible influence on the decay lifetimes requires further investigation of samples with various carotenoid compositions.
In our study, all of the samples, which possess red pigments, show an "extra" component with a lifetime of about 50-200 ps in the monomers and about 40 ps in the Lhca1/4 dimer. Global analysis shows that this component is not a typical energy-transfer equilibration component between red and bulk pigments, neither does it display a typical Chl a emission spectrum. We assign this compartment to an intermediate state, during which a small structural change of the protein occurs following the excitation, which leads to loss of excitation in the bulk spectrum and which shows a long tail at the red side of the emission spectra (above 800 nm, Figure 5 ).
Similar components with time-scales of 20-100 ps have been observed in previous studies with Lhca samples, with various (or without any) descriptions. 20, 21, 28 Melkozernov et al. found an approximately 20 ps component in reconstituted Lhca1/4 complexes and described it as an intermonomeric energy transfer time. 28 Gobets et al. also found a component with about 20 ps and described it as a change in the emitting transition moment. 20 Jennings and co-workers found a "slow" 100 ps component in studies with native LHCI and described it as slow energy transfer from the bulk to the red pigments. 21 In some cases, a similar 100 ps component was also found in time-resolved studies of Lhcb proteins, [47] [48] [49] [50] which lack red pigments. In some studies with LHCII, this component has been described as an artifact that is either due to aggregation of the complexes or due to high excitation powers. 50 It has also been found in the case of monomeric systems and actually shows up more pronounced in studies with reconstituted systems. 47, 48, 51 However, as stated above, in the case of LHCI proteins, a similar component was found in both native and reconstituted systems. It is tempting to consider this loss channel to have the same origin as that found in the native PSI-LHCI particles. 12, 52 The time constant for the loss channel from the Intermediate compartment is about 170 ps for the Lhca1/4 dimer. The Lhca1/4 dimer is considered to be a "natural" dimer in the PSI-LHCI particle. On the basis of the target analysis of time-resolved fluorescence data, the "loss" channel in PSI-LHCI was modeled to be about 150 ps. 12 In principle, the above-mentioned structural rearrangement in the excited state can be very small (on the order of 0.1 Å), and it can be attributed to the formation of an excimer state. Such an excimer character was proposed previously to explain the emission properties of the red pigments. 19 Except for Lhca1, which does not bind red pigments, monoexponential (average) equilibration times between bulk and red pigments were observed for all samples. The same equilibration time was found, irrespective of the specific energy difference between the bulk and red pigments of each protein (Figure 1) . In other studies, multiexponential equilibration times were reported. 20, 31 The time resolution of our experiment was about 5 ps, which (together with the Soret-Q y relaxation times) limits the possibility to observe multiexponential equilibration times. Although fully resolving this issue will require a slightly better time resolution than that achieved in this study, we conclude that the equilibration among the pigments is rather fast and that the spectral overlap is a less important factor for the energy-transfer kinetics in comparison with the distance and orientation of the pigments, which agrees with the fact that the red forms originate from the same binding sites in all Lhca proteins (A5-B5). 11, 27 Final Remark. Our study shows that Lhca proteins have faster decay lifetimes and lower emission yields compared to their counterparts of PSII antenna proteins, LHCII and CP29. Whether this occurs because of the different pigment composition or the different protein configuration is a topic of future studies. It is notable, however, that the observed "fast" decay lifetimes/low emission yields of Lhca proteins have only a small effect on the overall photochemical yield of PSI because of the much faster trapping times of the PSI reaction center compared to those of PSII.
